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Abstract
Inhibition of bovine erythrocyte acetylcholinesterase (free and immobilized on controlled pore glass) by separate and
simultaneous exposure to malathion and malathion transformation products which are generally formed during storage or
through natural or photochemical degradation was investigated. Increasing concentrations of malathion, its oxidation product
malaoxon, and its isomerisation product isomalathion inhibited free and immobilized AChE in a concentration-dependent
manner. KI, the dissociation constant for the initial reversible enzyme inhibitor-complex, and k3, the first order rate constant
for the conversion of the reversible complex into the irreversibly inhibited enzyme, were determined from the progressive
development of inhibition produced by reaction of native AChE with malathion, malaoxon and isomalathion. KI values of
1.3 £ 1024 M21, 5.6 £ 1026 M21 and 7.2 £ 1026 M21 were obtained for malathion, malaoxon and isomalathion, respectively.
The IC50 values for free/immobilized AChE, (3.7 ^ 0.2) £ 1024 M/(1.6 ^ 0.1) £ 1024, (2.4 ^ 0.3) £ 1026/(3.4 ^ 0.1) £
1026 M and (3.2 ^ 0.3) £ 1026 M/(2.7 ^ 0.2) £ 1026 M, were obtained from the inhibition curves induced by malathion,
malaoxon and isomalathion, respectively. However, the products formed due to photoinduced degradation, phosphor-
odithioic O,O,S-trimethyl ester and O,O-dimethyl thiophosphate, did not noticeably affect enzymatic activity, while diethyl
maleate inhibited AChE activity at concentrations . 10 mM. Inhibition of acetylcholinesterase increased with the time of
exposure to malathion and its inhibiting by-products within the interval from 0 to 5 minutes. Through simultaneous exposure
of the enzyme to malaoxon and isomalathion, an additive effect was achieved for lower concentrations of the inhibitors (in the
presence of malaoxon/isomalathion at concentrations 2 £ 1027 M/2 £ 1027 M, 2 £ 1027 M/3 £ 1027 M and
2 £ 1027 M/4.5 £ 1027 M), while an antagonistic effect was obtained for all higher concentrations of inhibitors. The
presence of a non-inhibitory degradation product (phosphorodithioic O,O,S-trimethyl ester) did not affect the inhibition
efficiencies of the malathion by-products, malaoxon and isomalathion.
Keywords: free and immobilized acetylcholinesterase, inhibition, malathion, isomalathion, malaoxon
Introduction
Organophosphorus (OP) compounds, such as
malathion, chlorpyrifos, parathion, have been com-
monly used as insecticides for over 50 years [1]. These
compounds, as well as the organophosphate nerve
agents (sarin, soman, tabunandVX), specifically inhibit
acetylcholinesterase (AChE, EC 3.1.1.7), the enzyme
involved in the hydrolysis of the neurotransmitter
acetylcholine (ACh) at cholinergic synapses in the
central and peripheral nervous systems (cholinergic
syndrome) [2–5].
Organophosphates are preferred in agriculture
because of their relatively low persistence in the
environment. However, they are indiscriminate pesti-
cides and are highly toxic to animals and humans.
In addition to acute (short-term) toxic effects based
on acetylcholinesterase inhibition, which leads to
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accumulation of acetylcholine, chronic low-level
exposure to these compounds has been implicated as a
causal factor in a variety of human diseases involving the
nervousor immunesystems[6,7].Moreover, the toxicity
of organophosphates is significantly increased by their
break-down products, which may be bioactivated within
an organism or through exposure to the sunlight [8–10].
When applied, OPs are usually completely removed
by physico-chemical water treatment methods before
getting into the potable water supply. The use of
oxidation procedures or irradiation methods to
remove organophosphates leads to different chemical
transformations, e.g., hydrolysis, oxidation and iso-
merisation [1,11]. Surveys of pesticide trace amounts
generally include the monitoring of parent OPs, but
the more polar, water-soluble transformation pro-
ducts (oxons), which can be highly toxic, are usually
not target analytes [12].
This work deals with the investigation of inhibition of
bovine erythrocyte acetylcholinesterase by malathion
and several of its degradation products, which are
generally formed during water purification and/or
several irradiation treatments: malaoxon, isomalathion,
diethyl maleate, O,O-dimethyl thiophosphate and
O,O,S-trimethylphosphorodithioic ester [OOS(S)].
Malathion is a broad-spectrum insecticide, and it was
chosen as a model compound because it has been one of
the most commonly applied OPs since 1956. Approxi-
mately 15 million pounds of malathion active ingre-
dient are used annually in the US, mostly in cotton
production [13].During the lastdecade, however, there
have been many studies to assess human health risks
associated with the use of malathion. In July 2006, the
United States Environmental Protection Agency (EPA)
determined that malathion-containing products are
eligible for reregistration, provided that risk mitigation
measures are adopted and labels are amended accord-
ingly (EPA 738-R-06-030). Despite this, in September
2006, the Standing Committee on the Food Chain and
AnimalHealthvoted for thenon-inclusionof malathion
in Annex I of Directive 91/414/EEC [14]. This was
done because it was not possible to conclude that
malathion met the safety criteria for inclusion in Annex
I to Directive 91/414/EEC on the basis of the
information available. Based upon presently available
information, it is evident that there are two blocks of
completely opposite opinions regarding malathion
usage. However, our belief is that malathion and its
degradation products are and will be present in our
environment for a while.
As malathion reacts and breaks down within an
organism or upon exposure to sunlight, one of the
chemicals released, malaoxon, is about 100 times
more toxic than its parent compound [10]. The aim of
our study was to apply two model systems based on
inhibition of AChE for evaluation of the inhibitory
power of malathion and the products of its photo-
chemically- or chemically-induced transformations.
The models were set up in a batch mode, where the
free enzyme was exposed to selected OPs in vitro, and
in a flow-injection analysis (FIA) mode, where a
bioanalytical column was filled with immobilized
bovine erythrocyte acetylcholinesterase.
The FIA-bioassay [15–17] was tested as a rapid
biosensing system for the detection and determination
of OPs and their breakdown products in water
samples, whereas the in vitro model served as a
reference. In addition, in a novel approach, the effect of
simultaneous exposure of AChE to different synthetic
combinations of malathion and its photoinduced by-
products, identified in a malathion photodegradation
study [8], was investigated and evaluated.
Materials and methods
Reagents
All chemicals were of analytical grade. Acetylcholin-
esterase (AChE, specific activity 0.28 IU/mg) from
bovine erythrocytes, acetylthiocholine iodide
(ASChI), 5,50-dithio-bis-(2-nitrobenzoic acid)
(DTNB) and controlled-pore glass (CPG 240, 80–
120 mesh) were purchased from Sigma Chemicals Co
(Taufkirchen, Germany). The materials were used
without further purification. Potassium hydrogen
phosphate (K2HPO4 £ 3H2O), glutaraldehyde and
3-aminopropyl-triethoxysilan were purchased from
Merck KGaA (Germany). The pesticides used were of
at least 93% purity. Malathion (97.3%) and malaoxon
(93.7%) were from Pestanal (Riedel-de Haen),
whereas isomalathion was purchased from the
Institute of Organic Industrial Chemistry (Poland)
(98.4%), diethyl maleate (97%) was from Aldrich and
O,O-dimethyl thiophosphate and O,O,S-trimethyl-
phosphorodithioic ester were from Sigma Chemicals
Co. In our previous work [8], malathion and
malaoxon were tested with an AChE bioassay prior
to irradiation, and the inhibition was expressed after
irradiation. This finding enabled us to deduce that any
impurities could not interact with AChE. The
chemical structures of the studied compounds are
presented in Figure 1. 0.05 M phosphate buffer, pH 8,
was used as a carrier buffer in the FIA experiments.
The reactivation of immobilized enzyme was done
using 4 mM 2-hydroxyiminomethyl-1-methylpyridi-
nium iodide (pralidoxime, 2-PAM). This reactivator
was usually used to recover enzyme activity in FIA
system [15–17], although new higher potency
reactivators of OP-inhibited AChE have been syn-
thesized in recent years [18–20].
AChE assay
The inhibition of free and immobilized enzyme was
measured using Ellman’s method [21] in the absence
(control) and presence of inhibitors. The experiments
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were performed by in vitro (separate and simul-
taneous) exposure of 180mg free enzyme to inhibitors
in a final volume of 0.650 mL. The control tubes
contained the corresponding concentration of ethanol
without organophosphate. Acetylthiocholine iodide
(ASChI) was applied as an enzyme substrate in
combination with 5,50-dithio-bis-2-nitrobenzoic acid
(DTNB) as a chromogenic reagent. The product 5-
thio-2-nitrobenzoate, formed by the reaction of
thiocholine (product of the enzymatic reaction) with
DTNB, was measured at 412 nm (in buffer solution)
using a Perkin Elmer Lambda 35 UV VIS spectro-
photometer (Shelton, USA).
The rate of irreversible inhibition was measured
according to the method introduced by Kitz et al. [22].
The samples for the assay were withdrawn at several
time intervals within 20 min after the mixing of enzyme
and inhibitor. The medium was the same composition
as was used in the assay without acetylcholine.
The effects of the selected compounds on immobi-
lized acetylcholinesterase activity was investigated by
using a flow-injection analysis (FIA) system. The
carrier buffer in this case was 0.05 M phosphate buffer
at pH 8.0. All experiments were performed in
triplicate. Preliminary studies showed that malathion
and its by-products, or their combinations, did not
interfere with quantification of the yellow product,
5-thio-2-nitrobenzoate.
Physicochemical characterization of the CPG surface
X-Ray analysis of the CPG surface, obtained using a
Philips 1050 instrument recorded in a 2u (scaning
range from 108 to 808), showed a characteristic pattern
of amorphous silica with no diffraction peaks.
The nitrogen adsorption isotherms at 77 K were
measured using the gravimetric McBain method.
Specific surface areas were calculated by the Bru-
naure-Emmett-Teller (BET) method using absorption
data ranking from P/Po ¼ 0 to 0.3. The BET surface
area was 71 m2 g21. Pore size was determined using the
BJH method [23]. The pore size distribution of the
sample showed that all pore diameters were in the range
from 2–8 nm. The particle size was 80–120 mesh, and
the pore size was 240 A˚ nominal diameter.
FTIR spectra (FTIR Model 380, Thermo Nickolet
Corporation, Madison, USA) showed characteristic
silica vibrations on the CPG surface.
Enzyme immobilization
0.55 mg AChE was immobilized on 0.15 g activated
controlled pore glass according to the procedure
described earlier [15]. The glass particles were boiled
in 5% nitric acid. The activation step with 3-
aminopropyl-triethoxysilan was repeated three-times;
afterwards, the glass beads were washed with
deionised water and dried. Alkylamino glass was
cross-linked with 2.5% glutaraldehyde solution in a
stream of nitrogen and washed with deionised water.
The enzyme was dissolved in 3 ml cold phosphate
buffer and added to the pre-treated glass in a stream of
nitrogen. The mixture was then vacuum-filtered. The
filtrate was collected in a small graduated cylinder in
order to measure its exact volume. The volumes of the
filtrates were 95–98% of those of the original AChE
solution. The immobilized enzyme was washed with
phosphate buffer and then with cold water to ensure
the removal of any unlinked enzyme. The immobilized
Figure 1. Chemical structures of studied compounds.
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beads were stored at 48C in phosphate buffer (pH 6.0)
until use.
The protein content before and after the immobil-
ization was measured by the Lowry method using BSA
as a standard at 750 nm [24]. The free AChE activities
in the initial AChE solution and in the filtrate were
measured by Ellman’s procedure [21]. The amount of
the protein adsorbed on the glass (Pg, mg g
21) and the
immobilization efficiency (%) were determined from
the following equations:
Pg ¼ ðcoVo 2 cf Vf Þ=w ¼ 1 mg g21 ð1Þ
Immobilisation efficiency ð%Þ
¼ ½ðEoVo 2 Ef Vf Þ=EoVo £ 100 ¼ 99% ð2Þ
where co is the protein concentration in the initial
AChE solution (mg mL21), Eo is its AChE activity (IU
mL21), Vo is its volume (mL), cf is the protein
concentration in the filtrate (mg mL21), Ef is its AChE
activity (IU mL21), Vf is its volume (mL) and w is the
weight of the glass used (g).
The degree of adsorption was calculated as:
a ¼ Pg=Pg;m ¼ 1 ð3Þ
where Pg,m (mg g
21) is the maximal amount of protein
adsorbed on the controlled pore glass used.
Flow-injection analysis based on the AChE bioassay
(FIA-AChE bioassay)
The flow-injection system consisted of a HPLC
pump (Dionex AMP-1), an injection valve (Waters
U6K) and a bioanalytical column (40 £ 4 mm) filled
with 0.55 mg of beads with immobilized AChE. The
carrier buffer (flow rate: 0.2 mL/min) was pumped
through a flow-through cell (250mL). As was shown
before, the specific activity of the immobilized AChE
was not changed with respect to the activity of the free
enzyme. The initial (control) enzyme activity (a0) of
the immobilized enzyme in the bioanalytical column
was determined by injecting a mixture of the substrate
(ASChI) and a chromogenic reagent (DTNB). The
absorbance at 412 nm was measured spectrophotome-
tricly. After measurement of initial activity a0, the
sample containing the selected pesticide was injected.
The remaining enzyme activity (ar) was determined by
another injection of a mixture of ASChI and DTNB.
After each injection of solution containing OPs, the
activity of the enzyme was reactivated to its initial value
by five consecutive injections of a reactivator (4 mM
2-hydroxyiminomethyl-1-methylpyridinium iodide,
2-PAM). All measurements were made in triplicate.
Photodegradation procedure
Photodegradation of malathion in aqueous solution
was performed by applying our previously published
method [9]. A freshly prepared pesticide solution
containing less than 0.5% ethanol was purged with
oxygen for 15 min in the dark before irradiation, and
was then put into a quartz sample cell
(10 £ 10 £ 40 mm) and placed in front of a xenon
light (125 W Cermax Xenon parabolic lamp) at a
distance of 45 cm. Individual solution samples were
irradiated for different periods of time (3.5 min, 7 min,
15 min, 30 min, 60 min or 120 min). The samples were
analyzed by high performance liquid chromatography
analysis (HPLC), ion chromatography (IC) and gas
chromatography-mass spectrometry (GC-MS) [8,9].
The activity of AChE in the presence of pesticides after
irradiation was as reported in the previous paper [8].
According to the results of the analysis, synthetic
mixtures of the pure degradation products (commer-
cial chemicals) were composed to investigate the
effects on AChE activity of simultaneous exposure to
malathion and its photoinduced by-products.
Results
The in vitro influence of malathion and its related
compounds on free AChE activity
The influence on free AChE activity of malathion, its
oxidation product malaoxon and its isomerisation
product isomalathion, which is found in irradiated
solutions, was investigated by in vitro exposure of the
enzyme to the inhibitors in the concentration range from
1 £ 1029 to 1 £ 1021 M. In these experiments, the
enzymatic reaction started immidiately after the
inhibitor was added to the reaction mixture. In addition,
the inhibitory potencies of O,O,S-trimethyl phosphor-
odithioic ester, diethylmaleate and O,O-dimethyl
thiophosphate were also investigated, since these
compounds are usually formed as a result of cleavage
of PZS and PZO bonds due to the chemical conversion
or photochemical treatment of the selected
organophosphates.
The obtained results (Figure 2a) show that
malathion, malaoxon, isomalathion and diethylmale-
ate inhibited AChE in a concentration-dependent
manner, but with varying potencies. The dependence
of AChE activity, expressed as a percentage of the
control value (obtained without inhibitor) on inhibitor
concentration fit a sigmoidal function in all cases.
According to the anticipated reaction scheme for
the formation of phosphoryl enzyme [22], it is easy to
derive the time-dependent equation for irreversibile
enzyme inhibition:
ln
E
Eo
¼ 2 k3t
1 þKI=ðIÞ ð4Þ
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where E/Eo represents the percent of the remaining
enzyme activity in relation to the initial activity, Eo, KI
is the dissociation constant for the initial reversible
enzyme inhibitor complex (EI), k3 is the first order
rate constant for the conversion of the reversible
complex to the irreversibly inhibited enzyme and t is
the time interval after the mixing of the complex
and the inhibitor. In our experiments, the condition
I .. Eo was satisfied in all cases. Consequently, the
slope of Equation (4) (kapp) can be expresed in the
form:
1
kapp
¼ 1
k3
þKI
k3
 1ðIÞ ð5Þ
Figure 3 represents the results obtained for malathion
asanexample. Irreversibile inhibition,whichprogressed
with time in accordance with Equation 4, was obtained
for malathion, malaoxon and isomalathion. The values
of kapp obtained from the slope of the dependence of
lnE/Eo vs. t where then plotted according to Equation
(5) and are presented in Figure 4. Reasonably good
straight lines were obtained that intercept the positive y
axis, confirming that reversible complexes are formed in
the concentration range studied.
The inhibition parameters KI and k3 were calcu-
lated from the slope and intercept of Equations 4 and
5 and are given in Table I, together with the half-
maximal inhibitory concentrations (IC50 values)
obtained by fitting the sigmoid inhibition curves
(Figure 2) for free and immobilized enzyme.
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Figure 2. The concentration dependent inhibition of a) free and b)
immobilized bovine erythrocytes AChE by malathion (triangle),
malaoxon (square), isomalathion (circle), diethyl maleate (asterisk),
O,O-dimethyl thiophosphate (pentagon) and [OOS(S)] (cross).
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Figure 3. Progressive development of inhibition produced by
reaction of acetylcholinesterase with different concentrations of
malathion plotted as semilogarithmic curve in accordance with
Equation 4. Malathion concentration: (1) 3 £ 1025 M; (2) 4 £ 1025
M; (3) 5 £ 1025 M; (4) 6 £ 1025 M; (5) 1 £ 1024 M.
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Figure 4. The dependence of kapp upon the concentration of
malaoxon (1), isomalathion (2) and malathion ((3), inset) plotted as
reciprocals in accordance with Equation (5).
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Although malathion, malaoxon and isomalathion
have similar structures (malathion and isomalathion
are even isomers), it is obvious that their inhibitor
efficiencies are quite different. The presence of
1 £ 1025 M malaoxon in the reaction mixture
completely inhibited AChE activity, and the same
concentration of isomalathion inhibited up to 80%,
while the effect of the same concentration of
malathion on enzyme activity was negligible. The
half-maximal inhibition (IC50) of enzyme activity was
achieved at (3.7 ^ 0.2) £ 1024 M for malathion, while
the same effect was observed with concentrations of
malaoxon (2.4 ^ 0.3) £ 1026 M and isomalathion
(3.2 ^ 0.3) £ 1026 M that were two orders of magni-
tude lower than concentration of malathion. On the
contrary, diethyl-maleate did not induce a marked
reduction of enzyme activity at concentrations of up to
10 mM (Figure 2a), while O,O-dimethyl thiopho-
sphate and [OOS(S)] did not noticeably affect bovine
erythrocyte AChE activity at all investigated concen-
trations (1 £ 1029 to 1 £ 1021 M).
The effects of malathion and its related compounds on the
activity of immobilized AChE
The response to malathion and its related compounds
of the bioanalytical FIA-system containing immobi-
lized bovine erythrocyte AChE was followed with the
same concentration range (1 £ 1029 M 2 1 £
1021 M) as was used for in vitro exposure of free
AChE. The FIA-signals obtained in the absence
(control activity–ao) and in the presence (ar) of several
concentrations of malaoxon and isomalathion are
presented in Figure 5. The inhibition curves describ-
ing the activity dependence of the immobilized AChE
activity on the concentrations of malathion, malaoxon
and isomalathion have a sigmoidal shape (Figure 2b)
and are almost equal, as in the case of free AChE
Table I. The inhibition parameters and kinetic data (IC50, KI and k3) for irreversible inhibition of free and immobilized AChE by malathion
and the products of its photochemical degradation. IC50 values were determined by sigmoidal fit of the inhibition curves obtained under the
experimental conditions described in Materials and Methods.
Free AChE Immobilized AChE
IC50, [M] KI, [M
21] k3 [s
21] k3/KI ¼ k’3, l mol21 s21 IC50, [M]
malathion (3.7 ^ 0.2) £ 1024 1.3 £ 1024 2.1 ^ 0.2 78.1 (1.6 ^ 0.1) £ 1024
malaoxon (2.4 ^ 0.3) £ 1026 5.6 £ 1026 2.1 ^ 0.2 3.6 £ 103 (3.4 ^ 0.1) £ 1026
isomalathion (3.2 ^ 0.3) £ 1026 7.2 £ 1026 1.9 ^ 0.3 2.9 £ 103 (2.7 ^ 0.2) £ 1026
diethyl maleate (6.0 ^ 0.5) £ 1022 – – – (5.5 ^ 0.1) £ 1022
O,O-dimethyl thiophosphate – – – – –
[OOS(S)] – – – – –
Figure 5. FIA signals obtained in the absence and presence of several concentrations of a) malaoxon and b) isomalathion.
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(Figure 2a). The concentrations that reduce the
response by 50% (IC50 values), obtained by fitting the
experimental results with sigmoidal function, are
summarized in Table I.
As can be seen from Table I, the observed
differences in the responses of the enzyme to the
investigated compounds are similar in both cases. The
flow rate was adjusted to keep the contact time
between the enzyme and pesticides below 1 min. This
ensured that the IC50 values obtained formed
inhibition curves for native and immobilized enzymes
can be compared. The IC50 values for immobilized
enzyme for malaoxon (3.4 ^ 0.1) £ 1026 and iso-
malathion (2.7 ^ 0.2) £ 1026 M are two orders of
magnitude lower than the IC50 value of malathion
(1.6 ^ 0.1) £ 1024 M. The hydrolysis product diethyl
maleate did not affect the activity of the immobilized
enzyme at concentrations ,10 mM, while the effects
of O,O-dimethyl thiophosphate and [OOS(S)] on
enzyme activity were negligible at all investigated
concentrations (,100 mM).
The limits of detection (LODs) in bioassays
The limits of detection (LODs) of malathion and its
related compounds by both of the bioassays used were
determined and are sumarized in Table II. The LODs
of selected compounds were calculated by taking the
concentrations of the investigated compounds that
resulted in a 10% inhibition of the control enzyme
activity under the experimental conditions described
in Materials and Methods. 10% decrease of the control
enzyme activity is statistically significant modification
and undoubtedly indicates presence of inhibitor. It is
obvious that the obtained differences in the limits of
detection are in accordance with the obtained
differences in inhibition power of selected compounds.
Since the results showed that the responses of the
immobilized enzyme to malathion and its inhibiting by-
products are unchanged with respect to the free enzyme
at incubation times below 30 s, the effect of the time of
exposure to the investigated compounds on in vitro
inhibition of AChE was studied. By doing this, the
sensitivity of the bioassays used towards malathion and
its photoinduced by-products could be further
improved, but this comes at the expense of additional
analysis time.
The in vitro inhibition of AChE by malathion,
malaoxon and isomalathion as a function of exposure
time was followed within the time interval from 0 to
20 minutes. The standard medium assays were
preincubated for different times at 378C in the absence
(control) and presence of the desired concentrations of
the investigated OPs (2 £ 1024 M for malathion,
1.2 £ 1026 M for malaoxon and 1.2 £ 1026 M for
isomalathion).
The inhibition of acetylcholinesterase activity by
malathion, malaoxon and isomalathion increased as a
function of exposure time within the interval from 0 to
5 minutes, but exposure times which were longer than
5 minutes did not induce significant increases in
AChE inhibition. Moreover, the first two minutes of
enzyme incubation with the inhibitors caused a rapid
decrease (more than 40%) in enzyme activity, while a
gradual decrease in AChE activity was obtained
during the next 3 minutes of exposure to the selected
compounds in all cases (Figure 6). For example, at a
concentration of 1.2 £ 1026 M, malaoxon inhibited
Table II. The limits of detection (LOD) of malathion and the products of its photodegradation by free and immobilized bovine erythrocytes
AChE obtained without and after 5 min preincubation of the enzyme with selected compounds. The values of LOD were determined as the
concentration that induced 10% inhibition of the control enzyme activity.
without preincubation after 5 min preincubation
compound LOD by free AChE (M) LOD by immobilized AChE (M) LOD by free AChE (M)
malathion 1.60 £ 1024 0.75 £ 1024 1.5 £ 1025
malaoxon 0.77 £ 1026 1.10 £ 1026 1.4 £ 1027
isomalathion 1.10 £ 1026 0.93 £ 1026 2.0 £ 1027
diethyl maleate* .1 £ 1022 .1 £ 1022 .1 £ 1022
O,O-dimethyl thiophosphate* – – –
[OOS(S)]* – – –
* no noticable inhibition.
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Figure 6. The dependence of the AChE activity on time of
exposure to 2 £ 1024M malathion (triangle), 1.2 £ 1026M
malaoxon (square) and 1.2 £ 1026M isomalathion (circle).
D.Z. Krstic´ et al.568
AChE up to 22% without incubation, 67% after
2 minutes of incubation, and 85% after 5 minutes of
incubation with the enzyme. The limits of detection
(LODs) of malathion, malaoxon and isomalathion by
free AChE incubated with the inhibitors for 5 minutes
were compared to the LODs determined from the
inhibition curves obtained without incubation
(Table II). As expected, a significant improvement,
about one order of magnitude, was observed with
5 minute incubations of the enzyme with the inhibitors
at 378C before adding the normal substrate (ASChI).
Inhibition of AChE activity by simultaneous exposure
to malathion and its photoinduced by-products
Different synthetic mixtures of AChE-inhibiting
compounds were prepared on the basis of data
obtained in our previously reported photodegradation
study [8]. The expected inhibition of AChE by
mixtures of these compounds is not always the sum of
the individual inhibition capacities, while synergis-
m/antagonism effects are expected.
The concentrations of malathion and its by-products
in the mixture were chosen using two criteria: 1) the
concentrations of mixture components were similar to
the concentrations identified by gas chromatography –
mass spectrometry (GC-MS) after photodegradation
of 1 £ 1025 M malathion in the time interval from 0 to
60 minute [8] and 2) concentrations of the malathion-
inhibiting by-products, malaoxon and isomalathion,
were in the concentration range around or lower than
their IC50 values.
1) The inhibitions of AChE activity obtained after
5 minutes of preincubation of the enzyme with the
desired combinations malathion and/or its by-pro-
ducts are presented in Table III and compared to the
inhibitions achieved in the presence of each single
compound. It is obvious that conversion of 10% of
1 £ 1025 M malathion to malaoxon caused a more
than 70% AChE inhibition. The amount of malathion
(9 £ 1026 M) that remained unconverted after 10 min-
utes of photodegradation did not affect the inhibitor
capacity of malaoxon at a concentration 1 £ 1026 M,
since malaoxon by itself inhibited the enzyme by 71%
of initial AChE activity (Table III). Combinations of
malathion and its by-products formed during 15–
30 minutes of photodegradation completely inhibited
the activity of AChE. This is reasonable, because
malaoxon at a concentration of 2 £ 1026 M (by
separate exposure, as well as in the presence of
investigated concentrations of malathion) inhibited
AChE up to 90%, while the separate exposure of the
enzyme to 3 £ 1026 M isomalathion induced an
inhibition of 80%. The presence of malathion in
the combinations malathion/malaoxon or malathion/
isomalathion did not affect the inhibition caused by
single exposure to malaoxon or isomalathion. Phos-
phorodithioic O,O,S trimethyl ester did not alter
inhibitor capacity in all investigated combinations
with malaoxon or isomalathion.
2) Synergism/antagonism between malaoxon and
isomalathion inhibition power were studied by
5 minute preincubation of the enzyme with mixtures
of malaoxon and isomalathion at concentrations
which, with individual exposure, produced around
50% inhibition or less. Table IV shows the means of
the experimental values and the mathematical data
calculated as the sum of organophosphate-induced
inhibitions measured separately. Analysis of variance
(One-way ANOVA) was used to compare the
mathematical sum of inhibitions caused by separate
exposures to malaoxon or isomalathion with inhi-
bitions induced by exposure to both organophosphates
in combination (simultaneously). When a significant F
value (P , 0.05) was obtained, a post-hoc Bonferoni
test was used to determine the differences.
An antagonistic effect was defined as a statistically
significant (P, 0.05) difference between inhibitions
caused by simultaneous exposure and mathematically
calculated means of enzyme inhibition for a pair of
organophosphates where the former is lower than the
latter.
As can bee seen from Table IV, with simultaneous
exposure of enzyme to malaoxon and isomalathion in
various concentration ratios, additive inhibition effects
are observed at lower concentrations of the inhibitors,
while a statistically significant antagonistic inhibition
(i.e., lower than the sum of OP-induced inhibitions
assayed separately) was obtained at higher concen-
tration of the inhibitors.
Discussion
The results of our study show that malathion, its
oxidation product malaoxon and its isomerisation
product isomalathion inhibit free and immobilized
AChE activities with varying potencies (Table I), as
previously reported [5,6,8,10,25]. Since the inhibition
powers of malathion and its inhibiting by-products were
the same under the experimental conditions (within the
range of experimental error) for the free and immobi-
lized enzyme, it is obvious that immobilization of AChE
on controlled pore glass did not affect its sensitivity to
the investigated compounds, suggesting this may be a
viable system to improve the speed of OP detection.
In previous papers [15–17], the responses of FIA
systems constructed with AChE of different origins
(electric eel, human erythrocytes, bovine erythrocytes,
horse serum) but with the same initial activity have
been investigated. The responses of these systems
were dependent on the pesticide as well as on the
enzyme. However, electric eel AChE is the most
sensitive to most of the pesticides [15]. In the case of
some pesticides, the sensitivity of bovine AChE is
close to the sensitivity of electric eel AChE (paraoxon,
propoxur, oxydemeton-methyl) [15], but higher
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Table III. Inhibition of AChE by single and simultaneous exposure to different combinations of malathion and/or its photoinduced by-products; The values in parenthesis represent concentration of OPs
identified by GS-MS chromatography after different time of 1 £ 1025 M malathion photodegradation and used in inhibition experiments [8].
0 10 15 20 30 45 60
Time of irradiation (min.) [8]. Inhibition (%) [Concentration of inhibitor (M)]
Single exposure*
[8].
Malathion 0
[1 £ 1025M]
0 [9 £ 1026M] 0 [5 £ 1026M] 0 [2 £ 1026M] / / /
Malaoxon / 71
[1 £ 1026M]
94
[2 £ 1026M]
94
[2 £ 1026M]
94
[2 £ 1026M]
/ /
Isomalathion / / 80
[3 £ 1026M]
80
[3 £ 1026M]
80
[3 £ 1026M]
80
[3 £ 1026M]
67
[1 £ 1026M]
[OOS(S)] / / / 0 [3 £ 1026M] 0 [5 £ 1026M] 0 [7 £ 1026M] 0 [9 £ 1026M]
Simultaneous
exposure **
Malathion þ malaoxon / 74.0 90.4 92.7 / / /
Malathion þ isomalathion / / 78.6 76.4 / / /
Malaoxon þ [OOS(S)] / / / 93.2 92.1 / /
Isomalathion þ [OOS(S)] / / / 80.5 79.3 82.5 67
Malathion þ malaoxon þ isomalathion / / 96.0 98.5 / / /
Malathion þ malaoxon þ isomalathion þ
[OOS(S)]
/ / / 95.1 / / /
* Data from ref. [8]
** Concentrations of mixture components used in simultaneous exposure experiments are the same as given in the data for single exposure after related time of irradiation.
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LODs were achieved for different organophosphorous
and carbamate pesticides with human erythrocytes
AChE. The differences in the inhibition curves for
different enzymes were, however, negligible if suffi-
cient contact time between the enzyme and the
pesticide was allowed by an optimal flow rate.
Several immobilization techniques would be suit-
able for the purpose of this work, but due to the
simplicity and the availability of the materials, the
enzyme was immobilized onto a solid carrier which
was kept in the reactor, separate from the detector,
and which could be easily removed and replaced with
fresh active enzyme [15]. As a support for enzyme
immobilization, controlled pore glass is the most often
used material [16,26]. The enzyme cross-linked with
glutaraldehyde [27] showed good operational and
storage stability (the enzyme was stable during one day
of operation and the enzyme activity remained
unchanged over 6 months of storage [17]). The
reproducibility of the initial enzyme activity for
different bioanalytical columns prepared according
to this immobilization procedure was satisfactory and
did not differ by more than 6% from the initial enzyme
activity. Spectrophotometric detection is simple, easy
to implement and cost-effective. However, while the
time of analysis required for one determination of
enzyme activity is about 2 min, the sensitivity is not
very high and sometimes does not satisfy EU
Framework Directive requirements [14,28]. Although
most flow-through enzyme sensors for pesticide
analysis are electrochemical [29], a new detection
method (thermal lens spectrometry) was recently
applied in combination with a cholinesterase biosen-
sor and showed low limits of detection [15–17].
The obtained results (Figure 2 and Table I) are in
accordance with previosly reported findings that
malathion toxicity is increased by its break-down
products [4,5,30] and that most OPs need to be
metabolized to their active oxons to cause potent AChE
inhibition [25]. The replacement of sulphur with
oxygen in the cases of both malaoxon and isomalathion
causes an increased positive charge density on the
central phosphorous atom, facilitating the nucleophilic
attack of the ZOH group of serine. Recently,
quantitative structure–activity relationships rep-
resented an attempt to corelate the structural properties
of some carbamates and isoelectronic and isostructural
diaza- and dioxophospholes with AChE inhibition
[31,32]. Although the investigated organophosphates
have similar structures, it is clear that the combination
of substituents at the central phosphorous atom is
responsible for their different inhibition powers. This
finding can be ascribed to the polarity of the chemical
bond that binds phosphorous to sulfur (malathion,
malaoxon) or oxygen (isomalathion) atoms. It seems
that the strong covalent character of malathion the PZS
bond complicates the nucleofilic attack of the serine
ZOH group from AChE. The consequence of this is a
decrease in phosphorylation, i.e., a relatively high IC50
value. On the contrary, the PZS bond in the cases of
isomalathion and malaoxon are more polar, and the
central phosphorous atom is more suitable for the
nucleophilic attack of the serine ZOH group from
AChE. Moreover, the double-bonded oxygen atom in
both cases increases the electropositivity of the central
phosphorous atom, and facilitates the phosphorylation
of the enzyme. The consequence of this is a higher
inhibitory potency for these compounds.
Thus, the obtained KI and k3 values for malathion
and its inhibiting by-products are in accordance with
the allosteric effects noticed between the top and the
bottom of the gorge [22,33,34]. The progressive
development of irreversible inhibition is consistent
with thehypothesis that thesecompounds reactwith the
enzyme to yield a phosphorylated enzyme derivative.
However, the reaction rates for malaoxon and
isomalathion are similar, and differ strongly compared
to the same values for malathion. As the consequence,
the ability of malaoxon and isomalathion to act as
phosphorylating agents in general and the degree of
molecular complementarity between the compounds
and the enzymes is increased compared to malathion,
their parent compound. The absence of an inhibitory
effect on AChE activity for O,O-dimethyl thiopho-
sphate is undoubtedly a consequence of the absence of
a 1,2-(diethoxycarbamyl) ethyl group, which is
present in the molecules of the investigated organo-
phosphate inhibitors. Since, organophosphates are
substrate analogues of acetylcholine, it seems that this
group is necessary for interaction between the
substrate and the anionic site of the AChE active
site, which is responsible for the appropriate position-
Table IV. Inhibition of AChE activity induced by simultaneous exposure to malaoxon and isomalathion in mixtures. Values in parenthesis
represent organophosphate-induced inhibition measured separately (by single exposure).
Inhibition (%)
Isomalathion
(M)
Malaoxon
(M) 2 £ 1027 (10%) 3 £ 1027 (13.5%) 4.5 £ 1027(35.8%) 6 £ 1027(45.6%)
2 £ 1027(9%) 21.3% 25.0% 42.0% 39.7%
3 £ 1027(41%) 39.5% 40.3% 63.1% 51.5%
4 £ 1027(57.1%) 53.5% 56.9% 57.9% 67.5%
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ing of the substrate within the enzyme active site [35]
Moreover, these findings are in agreement with
the inhibitory effect of diethyl-maleate obtained at
concentrations $ 10 mM.
The absence of an inhibitory effect for O,O,S-
trimethyl phosphorodithioate [OOS(S)] at all investi-
gated concentrations is in agreement with previously
reported findings [36]. In fact, [OOS(S)] did not
affect the inhibition power of malathion inhibiting by-
products in all investigated combinations with these
compounds (Table III). The compound requires
metabolic activation, probably through oxidation to
O,O,S-trimethyl phosphorothioate [OOS(O)] or iso-
merisation to O,S,S-trimethyl phosphorodithioate
[OSS(O)]. The toxicity of these compounds
([OOS(O)] and [OSS(O)]) as anticholinesterases
comes from their ability to rapid age the enzyme
[37]. The inhibition of enzyme activity during the 15th
to 60th minutes of the irradiation experiment, where
malathion and its by-products were simultaneously
added to AChE (Table III), confirms that the
inhibitory power of the malathion-irradiated samples
can be attributed to the formation of malaoxon and
isomalathion during malathion photodegradation.
The additive inhibition of AChE activity obtained by
simultaneous exposure to low concentrations of
malaoxon and isomalathion (Table IV) confirms that
both inhibitors bind to the same binding site and that
there is an excess of inhibitor binding sites. The
antagonistic inhibition of bovine erythrocyte AChE in
the presence of mixtures of inhibitors at higher
concentrations can be explained by competition
between inhibitors for a limited number of inhibitor
binding sites on the enzyme.
The obtained dependence of AChE activity on the
time of exposure to the inhibitors is in agreement with
results reported earlier [15] and shows that the
sensitivity of bioassay used towards the investigated
compounds can be improved by increasing the contact
time between the enzyme and organophosphate.
Conclusions
The sensitivity of the immobilized enzyme towards the
investigated compounds is unchanged with respect to
the free enzyme.Thus, the detectionand determination
of OPs and their mixtures, as well as the evaluation of
their toxicity, can be performed using an FIA bioassay
containing immobilized bovine erythrocyte AChE.
O,O,S-trimethyl phosphorodithioate [OOS(S)] did
not alter the activity of the enzyme at all investigated
concentrations. Its formation in samples of irradiated
malathion, however, raises concerns because of its
ability to bioactivate into O,O,S-trimethyl phosphor-
othioate [OOS(O)] and/or to isomerise into O,S,S-
trimethyl phosphorodithioate [OSS(O)], which cause
rapid aging of the enzyme and delayed toxicity
through anticholinesterase activity.
The sensitivity towards malathion and its photo-
induced by-products of bioassay used can be
improved by increasing the incubation time of the
enzyme with organophosphate, but this comes at the
expense of additional analysis time.
It can be concluded that the FIA-AChE bioassay
makes possible the detection and determination of OP
break-down products, which are usually not target
analytes in monitoring surveys, although they have been
proven tobemore toxic (such as in the cases ofmalaoxon
and isomalathion) than their parent compound
(malathion).
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